Streptococcus pyogenes (group A streptococcus [GAS] ) is a bacterial pathogen that is perfectly adapted to colonization, infection, and persistence in its human host (8, 10, 14, 22) . Many of the associated virulence factors expressed by this bacterium are encoded in discrete regions of the GAS genome (28) . Two of these pathogenicity regions (Mga and FCT [see below]) each comprise genes for secreted and surface-exposed virulence factors and at least one stand-alone transcriptional regulator. These genes have been shown to act together in a growth phase-dependent regulatory network to coordinate GAS host cell adherence, internalization, and intracellular persistence (summarized in references 28 and 29) .
The FCT region (fibronectin-and collagen-binding T-antigen region) (6) is present in all GAS genomes specifically tested (26) . The FCT region always contains a RALP transcriptional regulator whose type correlates with the type of emm pathogenicity region and the preferred infection site of the GAS strain, i.e., the throat or the skin. Since a similar association was also shown for the fibronectin-and collagenbinding proteins encoded by this region, the FCT region gene products could contribute to tissue-specific GAS infection (26, 46) .
As schematically depicted in Fig. 1 , the FCT region is characterized by (i) a fixed gene order but flexible size and architecture; (ii) a variable composition of monocistronically transcribed genes, encoding at least one or two fibronectin-binding proteins (21, 32, 53, 56) ; (iii) a cpa gene encoding a collagenbinding protein as part of a five-gene operon in selected serotype strains (31) ; (iv) genes for one or two stand-alone transcriptional regulators (RALP family proteins [19] or MsmR [43] ), one of which is either the Nra or the RofA version of a RALP regulator (19, 41, 49) ; (v) a gene for the GAS T antigen, which is traditionally used in parallel with the M and emm typing scheme to differentiate GAS serotypes (6, 36) ; and finally, (vi) several other genes, encoding, e.g., an alternative sortase, one putative signal peptidase, and two additional surface proteins of GAS, for all of which the precise biological function is only beginning to be defined.
Most recently, the alternative sortase and at least two or three of the additionally encoded surface proteins of the FCT region have been described to be involved in pilus-like structure formation on the surface of GAS (42) . Moreover, regions with high homology to the GAS FCT region have also been found in the group B streptococcus (GBS; Streptococcus aga-lactiae), Streptococcus pneumoniae, and Enterococcus faecalis (15, 34, 44, 51, 52, 55) . In several studies, pili have been shown to be important for streptococcal virulence. GBS pili are involved in bacterial adherence to surfaces of endothelial cells (15, 39) , pneumococcal pili influence cell interactions and inflammatory responses (5) , and E. faecalis pili have a role in biofilm formation and endocarditis (44) .
In contrast, for GAS, single pilus components have recently been shown to be important in adhesion to keratinocytes (1) , to play a role in a humanized skin infection model, in dependence on the bacterial growth phase (36) , and to contribute to bacterial aggregation via FctA-scavenger receptor gp340 interaction (17) . However, the assembled pilus is not required for skin virulence per se (36) . Additionally, pili of the GAS serotype M1 strain (FCT-2 type) were shown to be important for cell aggregate formation in liquid cultures and microcolony formation on human cells (40) .
Pilus proteins could be promising antigens for vaccine development. For pneumococci, GBS, and GAS, it has been shown that a combination of up to four pilus proteins elicits antibodies that are capable of inducing complement-dependent opsonophagocytic killing and conferring protective immunity (18, 38, 42, 55) . Finally, GBS pilus components expressed on the surface of Lactococcus lactis could be used as a broadcoverage vaccine (9) . The assembly of pili has been studied down to the molecular details for some gram-positive species (55) . Restricted data exist on the presence and assembly of pili in GAS. Notably, the structure of the major GAS pilus subunit was recently solved at 2.2-Å resolution (24) . The GAS serotype M6 FCT region sortase (SrtB) has been shown to couple the GAS T antigen to the bacterial envelope (4) . Another alternative and specialized FCT region-localized sortase version, SrtC2, is responsible for anchoring proteins containing a QVPTG motif to the bacterial cell wall of serotype M3 GAS strains (3) .
Like those for the individual alternative sortases, the gene FIG. 1. Gene organization of FCT regions. Genetic heterogeneity of FCT regions from 10 different M serotypes is shown according to publically available sequences. Black arrows, transcriptional regulator genes, including rofA, nra, and msmR; dark gray arrows, fibronectin-binding protein genes, including prtF1, prtF2, and fbaB; light gray arrows, previously reported or inferred surface-expressed protein genes with unknown functions, including fctA and fctB; pavement-like arrows, collagen-binding protein gene; dark and light gray hatched arrows, sortase genes, including srtC1, srtC2, srtB, and putative genes encoding sortase; white-dotted black arrows, lepA; and white arrows, other open reading frames. The spy gene numbers were assigned according to the corresponding genes in the M1 genome sequence. Gene designations are presented above each arrow. *, an internal stop codon is present (codon 218 in nra [M18] and codon 102 in srtB [M12]). The FCT types are shown according to the work of Kratovac et al. (26) . The GenBank accession numbers and strains for each serotype are as follows: M1, NC_002737 and SF370; M2, NC_008022  and MGAS10270; M3, NC_004606 and SSI-1; M4, NC_008024 and MGAS10750; M5, NC_009332 and Manfredo; M6, NC_006086 and  MGAS10394; M12, AF447492 and A735; M18, NC_003485 and MGAS8232; and M28, NC_007296 and MGAS6180. The genetic map from a serotype M49 strain is shown based on the genome sequence of strain 591 (7) (GenBank accession no. NZ_AAFV01000006).
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encoding the putative signal peptidase LepA is apparently only present in selected GAS serotype strains ( Fig. 1 ) (26) . For the serotype M3 GAS strains, the signal peptidase SipA was studied and suggested to perform chaperon-like functions (59) . However, nothing is known about the role of the putative signal peptidase I (LepA) in virulence expression and modification of other serotype strains and, particularly, in pilus formation of serotype M49 strains. Moreover, it is unclear if all GAS strains express pilus structures in vitro and in vivo even when they harbor an FCT region and, specifically, signal peptidase and sortase genes.
To support the idea of serotype-specific pilus production and to elucidate more details of the LepA and sortase functions, we performed the present study. We used mutational analysis, microscopic techniques, and an animal infection model to study the functions of the GAS serotype M49 FCT-3 region genes as representative of the most frequently occurring FCT region genotype (FCT-3) (26) (Fig. 1) .
With our results, we document the crucial role of LepA in pilus assembly. Furthermore, we demonstrate uneven pilus surface expression, mainly at the old poles of GAS cells, and thereby find indications for a bistability expression mode. Finally, we extend data on the FCT-3 region sortase by documenting its virulence-modulating function in a mouse skin infection model.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The GAS serotype M49 strain 591 was obtained from R. Lütticken (Aachen, Germany). The Escherichia coli strain DH5␣ (Gibco-BRL) was used as a host for plasmids pSF151, pFW12, and pAT18 (48, 54, 57) . E. coli XL10-Gold (Stratagene) served as a host for plasmid pQE30 (Qiagen). All E. coli strains were cultured in Luria-Bertani (LB) medium at 37°C with agitation. The GAS wild-type (WT) strain and isogenic derivatives were cultured without agitation in Todd-Hewitt broth (Invitrogen) supplemented with 0.2% yeast extract (THY medium; Invitrogen) at 37°C or 30°C under a 5% CO 2 -20% O 2 atmosphere, unless otherwise specified. For selection and maintenance of mutants, antibiotics were added to the media at the following concentrations: ampicillin, 100 g ml Ϫ1 for E. coli; kanamycin, 50 g ml Ϫ1 for E. coli and 300 g ml Ϫ1 for GAS; spectinomycin, 100 g ml Ϫ1 for E. coli and 60 g ml Ϫ1 for GAS; and erythromycin, 300 g ml Ϫ1 for E. coli and 5 g ml Ϫ1 for GAS. DNA techniques. Purification of chromosomal DNA from GAS and other streptococcal species was done as outlined by Kreikemeyer et al. (27) . Plasmid DNA, transformation of E. coli and GAS, and other conventional manipulations were done essentially as described previously (49) . Probes for Southern hybridization were generated by PCR, using digoxigenin-dUTP, as reported previously (47) .
Construction of recombinant vectors and GAS strains. For the construction of the deletion mutant in serotype M49 strain 591, adjacent sequences of target genes on both sides were amplified from chromosomal DNA of strain 591 with the primers listed in Table S1 in the supplemental material. The resulting PCR products were cloned into MCS1 and MCS2 of pFW12 (48) . This vector was designed for site-directed allelic replacement experiments within operons, allowing mutagenesis without polar effects (48) . The obtained plasmids were transformed into strain 591, and then transformants were selected on spectinomycin-containing agar plates. The deletion of target genes was confirmed by site-specific PCRs and Southern blot hybridization analyses.
To construct the complemented strains and cpa operon-overexpressing strain, the pAT18 vector was utilized to express target genes under the control of the gyrA promoter, which was amplified using primers P gyrF /SacI (5Ј-GAGAGCTC ATCATGACAGTCTGAGTAG-3Ј) and P gyrR /BamHI (5Ј-GCGGATCCCTCC TTTTCTAGTCAATACTA-3Ј).
For generation of the prtF2 mutant, an internal fragment of the gene was amplified and cloned into pSF151 via BamHI and EcoRI sites. The resulting plasmid was integrated into the chromosome of strain 591. The correct integration at a single site was confirmed by site-specific PCR and Southern blot hybridizations.
Examples of the genetic nomenclature used for the mutants are as follows: ⌬srtA, deletion mutant of the srtA gene; ⌬srtA ⌬srtC2, double deletion mutant; ⌬srtA::srtA, complemented deletion mutant; ⌬srtA::mock, mock-complemented version (transformed with empty complementation vector); and prtF2 insertion mutant, insertional inactivation of the PrtF2-encoding gene.
For the construction of plasmids expressing recombinant surface proteins from strain 591, the truncated genes without regions encoding the signal sequence and sorting signal were amplified using primers listed in Table S1 in the supplemental material. The fragments were cloned into pQE30 and transformed into E. coli XL10-Gold.
Immunogold labeling and transmission electron microscopy. The GAS WT and its isogenic mutants were grown overnight in THY medium, washed, and resuspended in phosphate-buffered saline (PBS). The bacterial suspension was added to Formvar-coated nickel grids and allowed to settle for 5 min. The bacteria on the grids were fixed with 1% paraformaldehyde-PBS for 5 min at room temperature and incubated with blocking buffer (2% bovine serum albumin [BSA], 5% skim milk containing blocking reagent, PBS) for 30 min. The grids were then exposed to polyclonal mouse or rabbit antisera (1:100 in blocking buffer) for 30 min and washed five times with PBS, followed by incubation with secondary gold-conjugated antibodies (5 nm or 10 nm) diluted 1:50 in blocking buffer. After being washed with PBS and then distilled water, the grids were air dried and examined in a Libra 120 transmission electron microscope (Carl Zeiss).
Immunofluorescence labeling of M protein and FctA. GAS cells were grown to exponential phase and fixed with 1% paraformaldehyde for 5 min at room temperature. After being washed two times with PBS, the cells were blocked with blocking buffer containing 2% BSA, 5% skim milk, and 5% fetal calf serum for 1 h at room temperature, followed by immunolabeling with anti-M protein or anti-FctA mouse antiserum (diluted 100 times with PBS-10% blocking buffer) and anti-mouse immunoglobulin G (IgG)-Alexa fluor 594 (diluted 500 times with PBS-10% blocking buffer). Cells were then counterstained with SYBR green dye at a concentration of 1 M for 10 min at room temperature and washed five times with PBS. Subsequently, cells were mounted on glass slides and inspected with a fluorescence microscope. Nonimmunized mouse serum was utilized for preparation of a negative control. Cells incubated with either nonimmunized mouse serum or nonimmunized rabbit serum showed no staining for all strains.
Extraction of cell wall fractions and preparation of immunoblots. GAS cells were grown overnight in THY medium and washed twice with PBS. The cells were suspended in 50 mM sodium acetate buffer containing 40% sucrose and 5 mM EDTA, 10 units of phage lysin C 1 (PlyC) was added as outlined by Köller et al. (25) , and then the cells were incubated for 1 h at room temperature. The resulting protoplasts were sedimented by centrifugation at 14,000 ϫ g for 10 min, and the supernatant was stored at Ϫ20°C.
Supernatant samples were separated in 3 to 10 or 5 to 20% precast gels (Invitrogen) and blotted onto polyvinylidene difluoride membranes. The membranes were blocked in ImmunoBlock (Dainippon Sumitomo Pharma), incubated for 1 h with either mouse or rabbit antiserum diluted 1:2,000 in PBS containing 0.2% Tween 20 (PBST), washed three times with PBST, and then incubated with horseradish peroxidase-conjugated second antibody (Bio-Rad) diluted 1:2,000 for 1 h. Following the washing steps, the membranes were developed with ECL Western blot reagents (Amersham).
Preparation of His-tagged recombinant protein and antisera. Hyperexpression of recombinant proteins was induced by adding 0.1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) to mid-exponential-phase E. coli cells, and then growth was continued at 30°C for 5 h. Recombinant protein was purified with a QIAexpress protein purification system (Qiagen) as outlined in the manufacturer's instructions. Eluted protein was dialyzed against PBS and concentrated by ultrafiltration with a Centricon centrifugal concentrator (filters for 100-, 75-, 50-, 30-, 10-kDa-cutoffs were used [Amicon]). The amounts of recombinant proteins were determined using a bicinchoninic acid protein assay kit (Pierce).
Mouse antisera against Cpa, FctA, FctB, and protein F2 were raised by immunizing BALB/c mice with the purified recombinant proteins. Briefly, female BALB/c mice were vaccinated intradermally with a mixture of 100 g of recombinant proteins in 50 l of PBS and the same volume of complete Freund adjuvant, followed by two boosts with 50 g of recombinant proteins with incomplete Freund adjuvant after 2 and 3 weeks. Whole blood was then collected after 4 weeks. Preparation of rabbit antiserum against Cpa was done as previously reported (31) . Usage of antisera for immunofluorescence staining and microscopic inspection of labeled bacteria followed the protocols of Kreikemeyer et al. (32) .
Mouse experiments. Five-milliliter overnight cultures of each strain were diluted into 75 ml of medium in the absence of antibiotics and then grown to a 34 NAKATA ET AL. INFECT. IMMUN.
Klett unit of 85. Cells were transferred to prechilled centrifuge bottles and vortexed for 10 min to break up streptococcal chains. The cells were centrifuged for 15 min at 8,000 rpm, resuspended in 5 ml of PBS, and vortexed for an additional 2 min. A 1:100 dilution of the cell suspension was used for cell counts, and a 2 ϫ 10 9 -CFU stock was prepared for each strain. SKH1 hairless mice (Charles River) were injected with a mixture of 50 l Cytodex beads (20 mg ml Ϫ1 ) and 50 l of the 2 ϫ 10 9 -CFU strain stock on the dorsal rear surface of the back, resulting in a final inoculation of 1 ϫ 10 8 CFU/mouse. The remaining slurry was plated onto blood agar to assess viable counts. Mice were examined daily for lesion size.
Eukaryotic cell adherence and internalization. Human epithelial HEp-2 (ATCC CCL23) cells were maintained in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum (Gibco). Adherence to and internalization of HEp-2 cells were assessed by antibiotic protection assay (41) . Briefly, HEp-2 cells were infected with GAS strains at a multiplicity of infection of 1:50 for 2 h. For quantification of bacterial adhesion, infected cells were washed with PBS and lysed with distilled water. Serial dilutions of the lysate were plated on THY agar plates to count CFU. For assessment of bacterial internalization, the cells were washed with PBS and incubated with Dulbecco's modified Eagle's medium supplemented with penicillin (50 units ml Ϫ1 ) for an additional 2 h. The cells were then washed and lysed, and bacterial numbers were counted as described above. Blood survival assay. Overnight cultures of the WT and mutant strains were inoculated into fresh medium and grown to exponential growth phase. Bacteria were harvested by centrifugation, set to an optical density at 600 nm of 0.25, and further diluted 1:10,000 in PBS. The CFU contained in this final suspension were determined by plating serial dilutions on blood agar plates. Bacterial numbers were found to be in the range of 5 ϫ 10 3 to 10 ϫ 10 3 CFU/ml for all assays. Twenty microliters of each suspension was incubated with 480 l of heparinized blood for 3 h at 37°C with rotation. After this incubation, the remaining CFU were determined by plating and related to the initial inoculum, which was set to 100%.
Fluorescence-activated cell sorter (FACS) analysis. GAS strain 591 and its isogenic cpa operon deletion mutant were grown to mid-exponential phase in THY medium at various temperatures. The cells were washed twice in PBS, blocked with blocking buffer, and incubated with either anti-FctA mouse antiserum or anti-M protein antiserum (1:100 dilution; kindly provided by H. Courtney, Memphis, TN). Nonimmunized mouse sera were used as a control for nonspecific antibody binding. Cells were washed three times with PBS and incubated with fluorescein isothiocyanate-conjugated goat anti-mouse IgG or fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (1:500 dilution) for 1 h at room temperature, followed by washing with PBS. The cells were resuspended in PBS and analyzed with a flow cytometer set at a collection rate of 50,000 events. The percentage of cells expressing either M protein or FctA was calculated with FlowJo software (Tree Star, Ashland, OR), using the data for cells labeled with nonimmune sera.
GAS adherence to matrix proteins and biofilm formation. For quantification of the binding of the WT and mutant strains to immobilized matrix proteins, 96-well enzyme-linked immunosorbent assay (ELISA) plates (Greiner Bio-One) were coated overnight at 4°C with 5 g/well human matrix proteins (Sigma) in PBS. Plates were blocked with 1% BSA in PBS for 1 h at 37°C and washed in 0.05% Tween 20-PBS.
Early-stationary-phase GAS strains diluted to an optical density at 600 nm of 0.4 in PBS were incubated in the coated wells for 30 min at 37°C. As controls, GAS strains were incubated in noncoated and BSA-coated wells. After four washes with PBS, a goat anti-GAS-horseradish peroxidase conjugate (Dunn Labortechnik GmbH) diluted 1:5,000 in PBS was added, and the plates were further incubated for 1 h at room temperature. After four washes with PBS, bound antibodies were visualized using a TMB peroxidase enzyme immunoassay substrate kit (Bio-Rad). After 10 min, the reactions were stopped with 0.5% H 2 SO 4 , and the optical density at 450 nm was monitored.
Biofilm assays were performed as previously described (35, 40) , with a minor modification. Briefly, overnight cultures grown in C medium (0.5% proteose peptone 3, 1.5% yeast extract, 10 mM K 2 HPO 4 , 0.4 mM MgSO 4 , 17 mM NaCl, adjusted to pH 7.5) were diluted 10 times with the same medium and seeded in a 24-well plate. Duplicate plates were incubated at both 28°C and 37°C for 24 h and 48 h, respectively. After removal of medium, the plates were washed three times with PBS, and adherent bacteria were stained with 0.2% crystal violet for 10 min and washed two times with PBS. The stained bacteria were suspended in 100 l of 1% sodium dodecyl sulfate, and then 70-l aliquots were transferred to 96-well plates and the optical density at 540 nm was measured.
Quantitative assays for luciferase activity. Construction of the cpa-luc strain has been reported previously (31) , and the measurements were performed essentially as described previously (43) .
Statistical analysis. Statistical analysis was performed with the Mann-Whitney U test or one-way analysis of variance and Scheffe's test. A confidence interval with a P value of Ͻ0.05 was considered significant. The infection model data were evaluated by an unpaired t test (two-tailed).
RESULTS
Pilus expression in a serotype M49 GAS strain. It has been reported that surface proteins encoded by the five-gene cpa operon form pilus-like appendages (42) . To gain insight into pilus expression on the surface of the serotype M49 strain 591, we constructed an appropriate panel of cpa operon replacement mutants, i.e., deletions of the complete cpa operon and, additionally, the single cpa, fctA, fctB, srtC2, and lepA genes (Fig. 1) . For all single-gene deletion mutants, the respective in trans complementation strains were also constructed and investigated. A novel prtF2 insertion mutant was constructed as outlined in Materials and Methods.
As a first set of experiments, we assessed the growth conditions for peak expression of the cpa operon. Employing a cpa-luc reporter fusion strain (31), the cpa operon transcription rate was twice as high at 30°C as that at 37°C (Fig. 2) . This difference is even more significant considering the decreased specific growth rate and increased generation time observed at an incubation temperature of 30°C (Fig. 2) .
In order to prove if this temperature-sensitive transcription also leads to higher protein expression levels, we investigated the localization and expression of FctA on the GAS surface under different temperatures, employing immunofluorescence microscopy and FACS analyses. The fluorescence microscopy pictures in Fig. 3A support three major observations. First, an increased fraction of GAS cells expressed FctA at a lower growth temperature. Second, at any growth temperature, only a subpopulation of cells expressed FctA, and third, FctA expression was apparently more abundant at the old poles of the cells. Several control experiments indicated the specificity of this observation (Fig. 3B and C ), as follows: (i) expression of the M protein was independent of the growth temperature, (ii) this protein was expressed in a temperature-independent manner by the complete population, and (iii) deposition of the M protein was found to be circumferential and not restricted to the old poles (Fig. 3B) .
As an approach to quantify these observations, FACS analysis was conducted (Fig. 3D) . From the obtained data (Fig.  3D) , we could calculate that 20% of the investigated GAS M49 population expressed FctA at 37°C. The percentage of FctApositive cells increased to 47% if bacteria were incubated at 30°C. Two different peaks, which were more pronounced at 30°C, could be distinguished from FctA-stained and unstained cells. The percentage of M protein-expressing cells remained almost constant under the temperatures investigated, and just one peak was observed at both incubation temperatures. Together, these data support the observations for immunofluorescently stained GAS cells. They also suggest a bistable expression mode for FctA, which consequently might correlate with complete pilus expression. For optimum expression rates, the bacteria were thus grown at the lower temperature in subsequent experiments aiming at pilus detection.
FctA surface expression and pilus incorporation. As a second set of experiments, we aimed to detect surface-localized FctA in immunoblot experiments. The cell wall fraction of the WT and mutant strains was extracted with PlyC treatment (25) . Expressed FctA in the protein extracts was detected using a mouse polyclonal antiserum against recombinant FctA (Fig. 4) .
Detection and development of this blot revealed typical ladders of high-molecular-mass bands in the lanes containing surface proteins of the M49 WT strain (Fig. 4) . The ladder pattern is due to various numbers of FctA molecules in pili from different GAS cells and has previously been reported for other GAS serotypes (42) .
FctA expression and detection in the ladder bands were affected by Cpa and FctB deletions (Fig. 4, lanes 3 and 9 , respectively) and were found to be abolished in the SrtC2, SrtA, and LepA deletion mutants (Fig. 4, lanes 7, 12, and 16,  respectively) . Moreover, the roughly 35-kDa monomeric form of FctA could not be found in the surface extracts of the FctB, SrtC2, and SrtA mutant strains (Fig. 4, lanes 9, 7, and 12 , respectively). In contrast, deletion of Cpa and the putative signal peptidase LepA still allowed for appearance of the FctA protein in its monomeric form on the surfaces of the bacteria (Fig. 4, lanes 3 and 16, respectively) . Consistently, no FctA protein was detected in the Cpa operon and FctA deletion mutants (Fig. 4, lanes 2 and 5, respectively) .
Notably, some expression levels of the complemented mutant strains did not completely reach WT levels. This was most probably due to a constitutive and thus untimely expression of . For the detection of FctA, the WT (dark gray; left panels) and the cpa operon deletion mutant strain (light gray; left panels), grown to mid-exponential phase at 37°C (upper panels) and 30°C (lower panels), were labeled with anti-FctA serum and analyzed by FACS. As a negative control, nonimmune mouse serum was used (data not shown). As for the detection of M protein, the WT strain grown under the same conditions was labeled with anti-Emm antiserum (dark gray; right panels). Nonimmunized rabbit serum was used as a control for nonspecific antibody binding (light gray; right panels). Representative data from three experiments are shown. (Fig. 4, lanes 16 and  17) , whereas FctA complementation led to higher-than-WTlevel expression amounts, as indicated by large amounts of the corresponding monomeric form (Fig. 4, lane 6) . Colocalization of Cpa in the FctA pilus shaft. Based on transmission electron micrographs, several of our attempts failed to document extended pilus structures on the surfaces of WT M49 bacteria under optimum conditions (30°C) (data not shown), although the results shown in Fig. 3 illustrate that at least FctA is surface expressed.
In order to unequivocally demonstrate the expression, assembly, and presence of the pilus on the surface of the M49 serotype GAS strain, we constructed a recombinant strain which overexpressed the entire cpa operon in trans from a shuttle plasmid under the control of the constitutive gyrA promoter in the WT background and investigated whether increased amounts of pilus components and responsible enzymes, including sortase and the putative signal peptidase, induce the production of more abundant pilus structures than those in the WT strain. Immunogold staining of FctA on cells in transition from the log to the stationary phase of growth then allowed the discovery of pilus structures with approximate lengths of 1 to 2 m (Fig. 5A and B) . However, even in this cpa operon overexpression strain, long pilus structures could only occasionally be observed by transmission electron microscopic analysis. Utilizing this strain and a double-labeling method, the Cpa antigen was detected in close proximity to the FctA antigen (Fig. 5B) . Notably, Cpa was observed at the pilus base, while the pilus backbone was composed exclusively of the FctA antigen.
Identification and detection of the T-antigen structure in a serotype M49 strain by use of anti-T14 monovalent serum. Although it was previously reported that FctA is the main backbone protein in a pattern D FCT-3-type M53 strain (42), 
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the emerging scheme of serotype-specific surface protein features among GAS strains (36, 37) led us to study the nature of the T antigen in M49 GAS. The monovalent anti-T14 antiserum has been reported to be useful for identification of serotype M49 GAS strains (23) . Thus, a variety of 11 recombinant proteins from a serotype M49 strain and 3 proteins from a serotype M6 strain were cloned, expressed as His-tagged fusion proteins in E. coli, overexpressed, purified, and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, with subsequent blotting and immunoblot detection employing T6 and T14/T49 typing sera (see Fig. S1 in the supplemental material). Serving as a positive control and confirming earlier observations (20, 42) , the anti-T6 monovalent serum exclusively detected the intense bands of recombinant T6 and FctX proteins from GAS serotype M6. In contrast, the monovalent T14 typing serum reacted strongly with the recombinant serotype M49 FctA protein, with minor reactivity against the recombinant serotype M49 Cpa protein. These results clearly identified the GAS serotype M49 FctA protein as the major T antigen of this serotype. Based on the present data, the participation of Cpa in a complex together with FctA, comprising the T antigen of M49, cannot formally be excluded.
Requirement of sortase activity for GAS adherence, internalization, phagocytosis resistance, and biofilm formation. In order to characterize the distinctive functional and virulenceassociated roles of the housekeeping sortase (SrtA) and the accessory sortase (SrtC2) encoded in the FCT-3 region of the M49 serotype GAS strain (Fig. 1) , the individual sortase deletion mutants and the double sortase deletion mutant in the genetic background of GAS serotype M49 strain 591 were used in several pathogenesis-related assays. Moreover, to exclude the possibility that the phenotypes of the mutants were due to compensatory mutations on the chromosome, all specific mutant strains were complemented in trans with either a recombinant plasmid carrying the respective srt gene under the control of the constitutive gyrA promoter or an empty plasmid used as a negative control to exclude effects from the vector alone.
As a first approach to judge the impact of both sortases, the binding of the WT and mutant strains to immobilized extracellular matrix proteins was studied by ELISA (Fig. 6) . In contrast to the robust binding of the WT strain to fibronectin (Fig. 6A) and fibrinogen (Fig. 6B) , the srtA mutant, the double sortase mutant, and the mock-complemented strains showed significantly attenuated affinities for both matrix proteins. The binding was completely recovered in the respective complemented strains, suggesting an exclusive dependence of fibronectin and fibrinogen binding on the surface-anchoring activity of SrtA. Mutation of srtC2 alone had no effect on fibronectin and fibrinogen binding. Binding to laminin (Fig.  6C ) and collagen type IV (Fig. 6E) was also apparently dependent on SrtA and was not affected by the deletion of srtC2.
In contrast, binding of GAS strains to human collagen type I (Fig. 6D) , mediated mainly by Cpa in a serotype M49 strain (31) , was found to be reduced in both the srtA and srtC2 single-gene mutants. This observation was further supported by the values measured for the double sortase mutant, which were lower than those for the two single-gene mutants. The binding of all complemented strains to collagen type I was completely or partially restored. These results indicate that SrtA is a prerequisite for the surface display of GAS proteins responsible for binding to fibronectin, fibrinogen, laminin, and collagen type IV. In contrast, the binding of cpa gene-carrying GAS to collagen type I obviously relies on the functions of both SrtA and SrtC2. Next, we tested whether the altered mode of the srt mutants for binding of the extracellular matrix proteins subsequently affected their eukaryotic cell adhesion and internalization capabilities (Fig. 7) . Consistent with the binding capacities observed in ELISAs, both adherence and internalization rates were reduced in the srtA and double sortase mutants and were restored in the complemented strains compared to WT levels (Fig. 7) . In contrast, the srtC2 mutant showed no significant changes in adherence to and internalization into host cells.
We then determined the ability of the WT and sortase mutants to survive incubation in whole human blood (Fig. 8) . Again, exclusively the srtA and double sortase mutants were attenuated in their efficiency at multiplying in whole human blood. This effect was at least partially restored in the corresponding complemented strains. This suggests that an important virulence factor for blood survival, most probably the M49 M protein (47) , is linked to the GAS surface via SrtA. Mutation of the gene encoding SrtC2 did not impair the ability of the bacteria to multiply in blood. These results clearly indicate that SrtA contributes exclusively to one avenue of immune evasion, which in turn could be critical for the establishment of GAS infections. Lembke et al. recently reported that GAS strains are able to form biofilms under static and flow conditions (35) , and a study by Manetti et al. found pilus expression to be associated with biofilm phenotypes (40) . Thus, we next tested the ability of all mutants to form biofilms, using C medium as the growth medium. With that culture medium, even cells of the previously non-biofilm-building serotype M49 (35) form biofilms of significant mass. As shown in Fig. 9A and B, the SrtA mutant demonstrated significantly smaller amounts of biofilm, irrespective of the temperature used. That finding suggested that neither SrtC2 nor any other cpa operon-encoded protein plays a role in biofilm formation of the serotype M49 GAS strain.
Importance of sortase activity for GAS model skin infections. To test whether SrtA and/or SrtC2 of the GAS M49 serotype FCT-3 strain contributes to the development of skin infections, a mouse skin infection model was utilized to test the capability of the WT and its isogenic mutants to cause superficial skin lesions.
The mice infected with the WT strain developed purulent skin lesions, which were first observed at 3 days postinfection (Fig. 10) . The lesion size gradually increased until 5 days postinfection. Surprisingly, and in contrast to the results of the in vitro matrix protein binding assay, the host cell adherence/ internalization assays, and the blood survival assays, both sortase mutants caused larger purulent lesions than those in mice infected with the WT strain. Yet only the changes achieved with the SrtC2 mutant reached the level of significance. Mice infected with the double sortase knockout strain showed the largest and most severe skin lesions, again clearly above the level of significance (Fig. 10 ). This unexpected phenotype was completely or partially reverted by complementation with the sortase genes. Overall, functional impairment of mainly the M49 SrtC2 activity had a dramatic effect and led to an amplification of virulence in this particular animal model.
DISCUSSION
One of the initial steps of infection in GAS pathogenesis is the firm attachment of bacteria to host surfaces. Although a large number of GAS adhesins mediating these processes have been characterized in recent years (12, 13, 28) , the molecular background of GAS tissue site preference was still elusive. Now it becomes evident that proteins encoded in a discrete genomic region of the GAS chromosome, called the FCT region, could be responsible to a major extent for GAS tissue tropism (26, 36, 46) . Coincidently, at least some of the FCT region-encoded proteins are required for pilus formation in GAS (42, 55) . However, neither the general biological role of GAS pili, if any, nor the function of many of the FCT region genes is currently well defined among different GAS serotype strains. Thus, the major task of this study was the molecular and functional characterization of so far scarcely defined genes/proteins and examination of their biological significance FIG. 7 . Adhesion to (A) and internalization into (B) human epithelial cells. HEp-2 cells were infected with the indicated GAS strains at a multiplicity of infection of 1:50. The adherence and internalization were measured and calculated as described in Materials and Methods. The data represent the mean values Ϯ standard deviations for three independent experiments. The value for the WT strain was set to 100% for each independent test. FIG. 8. Survival of WT and sortase mutant strains in human whole blood. The blood survival assay was conducted with GAS strains and heparinized human whole blood. The number of surviving CFU was determined by plating serial dilutions and subsequent colony counting. The y axis shows the resulting multiplication factor for each strain calculated from the percentage of surviving CFU related to the inoculum CFU. Due to the high variability of this assay depending on the blood donor, only data for one representative experiment are shown. However, in three independent experiments with blood from different donors, the same general survival tendencies were noted. * , significantly different from WT levels (P Ͻ 0.05). in pathogenesis assays and a mouse model of soft tissue infection. For this purpose, we based our investigation on the FCT-3 region in an M49 GAS serotype strain, which so far is the most abundant FCT type among all GAS serotypes tested (26, 46) but was still unaddressed in GAS pilus studies. Based on the electron microscopy and immunoblot results presented here, we conclude with respect to pilus assembly that the cpa operon-encoded sortase (SrtC2) and signal peptidase I homologue (LepA) primarily act on the other cpa operonencoded factors. Notably, SrtC2 mutation completely abolished FctA surface appearance, whereas LepA deletion still allowed monomeric FctA protein expression on the bacterial surface. An unexpected finding is that the housekeeping sortase (SrtA) also processes cpa operon factors.
On the other hand, the expression of LepA, the signal peptidase I homologue which was studied here for the first time in the FCT-3 M49 background, apparently is a prerequisite for the surface display of the pilus structure. Upon inspection of its deduced amino acid sequence, LepA is missing the conserved regions and critical residues for signal peptidase activity, i.e., the serine-lysine diad (45, 58) , which in contrast is contained in the housekeeping signal peptidase I from GAS. This was strongly indicated by results from multiple alignment analyses with signal peptidases from both gram-positive and gram-negative bacteria. Exposing synthetic peptides encompassing the potential cleavage site or the full-length Cpa protein to recombinant LepA under conditions typically used for sortase digests and subjecting the molecules to high-performance liquid chromatography analysis did not reveal any LepA cleavage activity (data not shown). Based on these findings, it is likely that the GAS M49 LepA protein possesses no signal peptidase activity. This conclusion is supported by the observation of monomeric FctA surface expression/display in the LepA mutant. Restoration of LepA expression recovered the typical pilus ladder FIG. 9 . Biofilm formation of GAS M49 WT strain and FCT mutants at different temperatures. The capacity of GAS strains to form biofilms on polystyrene plates was quantified by staining with crystal violet. The GAS strains were cultured at 37°C for 24 h (A) or at 28°C for 48 h (B) in C medium. (45, 58) . In contrast, the LepA equivalent SipA from a GAS M3 FCT-3 region was found to have chaperon-like activity if expressed in a heterologous M6 GAS strain (59) . This observation further hints at serotype-specific functions of this class of enzymes among diverse GAS strains.
Comparing data on pilus assembly and function for GAS serotype strains and other species (36, 42, 55) , many features are apparently at least species and most probably serotype dependent. A recent study has shown that FctA, Cpa, and protein F2 from a serotype T3/13/B3264 strain are involved in reactivity against the T-typing sera. Moreover, isogenic deletion mutants of cpa, fctA, and prtF2 were not T typeable (36) . In the present study, the T14 typing serum (see Fig. S1 in the supplemental material) reacted with both Cpa (minor reactivity) and FctA (major reactivity) but not with FctB and protein F2. This suggests that the involvement of protein F2 with T-typing antiserum observed by Lizano et al. (36) was serotype specific. Moreover, protein F2 per se is not involved in pilus formation of the M49 serotype GAS strain, based on our immunoblot data.
FctA is also the major pilus backbone component in the serotype M49 strain. Cpa probably has stabilizing effects at the pilus base and is not included along the pilus shaft as an ancillary protein, as reported for other serotypes (42) . Further support for the concept of serotype-specific activities among GAS proteins comes from a very recent study. In that study, the FCT-3 region RALP regulator Nra in an M53 GAS strain displayed an opposite polarity of its regulatory effects from that for the Nra regulator of the FCT-3 region of the M49 GAS strain (30, 37, 41, 49) .
For another GAS serotype strain, it has been observed that pilus-like structures of GAS are preferentially expressed on cell poles (42) . In cases where the surface display of Cpa on individual cells was examined by immunofluorescence or electron microscopy, its surface expression was found mainly at the old poles (31) . These results are now confirmed and supported by our quantitative data (Fig. 3) . More recently, Carlsson et al. (11) showed that the signal sequences of the M6 protein and protein F1 direct their secretion to different subcellular regions. The signal sequence of the M protein promotes secretion at the division septum, whereas that of protein F1 preferentially promotes secretion at the old pole. Based on these facts, it is likely that the signal sequences of pilus components, including Cpa, also determine the localized secretion on the cell surface. A common consensus signal sequence among Cpa, FctA, and FctB could not be identified in this study. Yet there is an FSIRK-like motif in the N-terminal portion of the fullsized Cpa protein. Although this motif was implicated in optimal secretion in Staphylococcus aureus (2), the YSIRK-like motif in the signal sequence of the M6 protein is apparently not required for its localized secretion (11) . In a future study, the role of the signal sequence of pilus components as well as such a potential motif in Cpa on polarized secretion needs to be investigated.
Another potentially serotype-specific feature is the expression mode of the FctA pilus backbone protein in this FCT-3 and serotype M49 GAS strain, which strongly resembles a bistability phenotype (16) . This conclusion is based on the fact that at 37°C, only 20% of all cells express FctA, while at 30°C, roughly 50% of a given population does so. Such a behavior has not been described for other GAS serotypes, although it is not clear whether those strains were investigated for this feature. The molecular background and biological benefit of the potential bistability phenomenon are currently unknown. Most likely, it could prepare a subpopulation of GAS cells for swiftly changing environmental conditions. However, bistability would preclude a general virulence function for pili encoded in this GAS FCT region or serotype.
When our serotype M49 strain was grown at 30°C, a temperature consistent with typical skin conditions, we noted an increased number of pilus structures. The other serotypes examined so far, including serotypes M1, M5, M6, and M12, apparently produced pilus appendages in higher abundance at 37°C (42) . The responsible GAS regulators have not been defined for either the temperature dependence or the open circuit regulation-type expression of the cpa operon. So far, Nra and MsmR have been identified as the antagonistic regulators of the serotype M49 FCT-3 region genes (43) . Other RALP-type regulators, such as RALP3 (30, 33) and RALP4/ RivR (50), are encoded elsewhere on the GAS genome and were shown to superimpose FCT factor expression. Since these genes are present in various sequences and combinations in different serotype genomes, at least some serotype-dependent differences in pilus expression could be attributable to a specific constellation of the known regulators.
What is the biological function of pilus expression in GAS? For other streptococcal species, many virulence features have been attributed to pilus expression, including adherence to surfaces and endothelial cells (GBS) (15, 39) , influence on cell interaction and inflammatory responses (pneumococci) (5), and biofilm formation and endocarditis (enterococci) (44) . Most recently, Abbot and colleagues defined a role for GAS pili in adherence to keratinocytes (1) . Moreover, Manetti and colleagues (40) have shown an involvement of the FCT-2 pilus region in GAS aggregation, microcolony formation, and biofilm phenotypes, suggesting a similar role of pili in the pathogenesis of all GAS strains (40) . However, considering the functional data generated with factors from an FCT-3 region under the in vitro conditions of this study, the alternative FCT-3 region sortase (SrtC2) and pilus formation have no clearly defined roles in all in vitro pathogenesis assays performed. Neither binding of most kinds of matrix proteins, GAS adherence to and internalization into HEp-2 epithelial cells, survival in whole human blood, nor biofilm formation was significantly affected by pilus protein mutations. Still, pili could have a minor role in some of the assays. Because of the predominant activity of protein F2 in serotype M49 GAS for adherence to and internalization into HEp-2 cells (32), the effect of mutation in the pilus genes could hardly be detectable in the WT background. Consequently, an investigation of pilus assembly, expression, and function in a heterologous system could shed light on this issue. Among these functional assays, only binding to collagen I could to some extent be attributed specifically to SrtC2 and pilus protein functions. Whether this feature contributes to tissue specificity of GAS strains is currently unclear.
Moreover, the observation of bistable expression modes proposes a reevaluation of data published on functional aspects of pili in GAS pathogenesis/virulence. If bistability of pilus expression in GAS is a serotype-independent phenotype, then the currently available data from published studies do not address the question of whether the data just represent an average of the population behavior, with one part expressing pili and another subpopulation not expressing pili.
In contrast to most of the above-mentioned functional assays, the results from the mouse skin infection model underscore an importance of the pilus factors for in vivo pathogenesis. Both the single SrtC2 mutant and the sortase double mutant revealed significant increases in virulence, as determined by the size and severity of ulcerative lesions in this particular animal model. Because of the attenuated host cell adherence and internalization, the sustained production of other surface and secreted virulence factors, such as proteases and capsule, could explain this behavior. Our observation is consistent with the hypothesis that an extracellular status renders GAS more aggressive at localized sites of skin infection in order to survive host defenses, whereas with an intracellular status the bacterium shuts down virulence factor expression in order to stay in a protected environment and not further attract the host immune system. This intra-or extracellular lifestyle may be correlated directly with either GAS persistence or purulent, severe, and cytotoxic disease manifestations (13) .
In summary, we have shown that, to a large extent, the pilus protein composition and mode of assembly are GAS serotype dependent. Moreover, single pilus components were found almost exclusively at the old poles, and their expression mode resembled a bistability phenotype. Defining a clear role for pilus expression in GAS pathogenesis is a difficult task, at least under in vitro conditions, since obviously the effects of GAS pili are partly obscured by other non-FCT-3 region-encoded virulence factors. A much clearer picture emerged from the use of the GAS WT and isogenic sortase mutant strains in the mouse skin infection model. SrtC2 expression and, in consequence, pilus expression led to a less virulent phenotype in this infection model. This suggested a role for pilus expression in the delicate balance between eukaryotic cell adherence/internalization and cell destruction as well as tissue invasiveness. At least for the serotype M49 strain, our experiments indicated that pili do not act as virulence factors by definition but rather that expression of pili leads to an attenuated phenotype of GAS in the dermonecrosis model.
